Abstract. It is presently unknown what types of neuronal signals maintain microglial cells resting in the normal brain or control their activation in neuropathology. Recent data suggest that microglia activation induces apoptosis and that healthy neurons are controllers of the activation state and immune functions of microglia. In the present study we have evaluated, on microglial cells in cultures, whether neurons are able to affect their survival in resting conditions or upon activation with the bacterial endotoxin, lipopolysaccharide (LPS). We report that neuron-conditioned culture media induced apoptosis of LPSstimulated, but not of unstimulated, microglia. This effect was, however, only present when conditioned media had been exposed to differentiated neurons and not to immature ones, and was absent when glutamate receptors had been pharmacologically blocked in neuronal cultures. The effect was also blocked by heat-inactivation of the conditioned media. Media conditioned with either differentiated or undifferentiated cerebellar granule neurons positively affected the survival of unstimulated microglial cells when the standard concentration of fetal bovine serum (10%) was included in the culture media. Our results highlight the ability of differentiated neurons to maintain a controlled inflammatory state through production of factor(s) favoring the apoptotic elimination of activated microglia. They also suggest that immature neurons may, on the contrary, favor the survival of microglia during development.
INTRODUCTION
Microglia are the main immune effector cells in the brain (1) . These cells are ubiquitously distributed in the central nervous system, where they account for up to 20% of the total glial population (2) . Under physiological conditions, resident microglial cells are in a quiescent state and are likely involved in tasks of immune surveillance that contribute to maintaining cerebral homeostasis. However, the actual functions of these cells in the healthy brain remain poorly understood (1) . One of the most remarkable properties of microglial cells is their ability to quickly respond to signals from damaged neurons, particularly when, in response to neuronal injury, they undergo a process of activation, leading to the acquisition of macrophagic functions (3) . This activated state has been increasingly associated with pathological development of several neurodegenerative diseases including Alzheimer disease, AIDS dementia, Parkinson disease, and multiple sclerosis (4) (5) (6) (7) (8) (9) . While activation of microglial cells may be intended primarily to protect neurons, frequently the uncontrolled production of inflammatory factors derived from them results in neuronal loss.
Recent data suggest that one of the safety mechanisms through which an organism may keep controlled inflammatory responses involves the elimination of activated macrophages (10) . Accordingly, some authors have reported that activated macrophages are eliminated through apoptosis at some steps of pathological states (11, 12) . It has been also reported that microglial cells may undergo apoptotic cell death when overactivated by high doses of lipopolysaccharide (LPS) (13) or by cotreatment with LPS plus interferon-␥ (IFN-␥) (14, 15) . Interestingly, some in vivo studies aimed at investigating mechanisms leading to the disappearance of macrophages/microglia from the cerebral damaged areas have suggested that apoptosis is a way to eliminate these activated cells. In particular, it has been demonstrated that microglial cells undergo apoptosis following peripheral nerve injury (16) (17) (18) or in cases of experimental autoimmune encephalomyelitis (EAE) (19, 20) . Some recent evidence indicates that intercellular signals downregulate the immune response in the brain and that neuronal activity plays a key role in this negative control (21) . In vitro studies have concurrently demonstrated that neurons may exert a strong down modulating action on macrophagic features of microglia, such as the expression of major histocompatibility class II (MHCII) factor (22, 23) and the release of nitric oxide and tumor necrosis factor-␣ (TNF-␣) (24) .
The previously reviewed data suggest a correlation between activation and apoptosis in microglial cells and consequent hypothesis that neurons are active controllers of microglia number and activity. We have, therefore, studied in vitro whether neurons influence the survival of LPS-activated microglia, and we have observed that factor(s) released in the medium by differentiated cerebellar granule cell in culture induce apoptosis of LPS-activated, but not quiescent, microglial cells. Furthermore, the effect was not present in media collected from undifferentiated neurons, thus suggesting that neuronal maturation coincides with the acquisition of competence of immunological surveillance on microglia activation.
MATERIALS AND METHODS

Cell Cultures
Microglial cells were prepared from cerebral cortex of newborn Wistar rats as previously described (25) . The brain tissue was cleaned from meninges, trypsinized for 15 min, and after mechanical dissociation cell suspension was washed and plated on poly-L-lysine-(Sigma Chemicals, St. Louis, MO) coated (10 g/ml) flasks (75 cm 2 ). Mixed glial cells were cultured in Basal Medium Eagle (BME) (Invitrogen, Breda, The Netherlands) supplemented with 10% fetal calf serum (FCS) (Invitrogen), 2 mM glutamine (Sigma) and 100 M gentamicin sulphate (Sigma). After 10 to 13 days, microglial cells were harvested from the mixed primary glial cultures by mild shaking and collected by centrifugation. The pellet was resuspendend in BME containing 25 mM K ϩ and either 10% or 1% FCS (depending on the type of experiment performed), the cells were then counted and seeded in 24 or 96 well plates at a density of 1.5 ϫ 10 5 cell/cm 2 for cell viability experiments (MTT assay). For the experiments on morphology and cell count (fluorescin diacetate staining [FDA] ) or on visualization of apoptotic cells (TUNEL analysis), microglial cells were plated on 40-mm dishes at the same density as above. In most experiments, medium differently conditioned by neuronal cultures was used as the culture medium for freshly plated microglial cells.
Primary cultures of rat cerebellar granule cells (CGC) were prepared from 7-day-old Wistar rats as previously described (26) . In brief, cells were dissociated from cerebella and plated on 40-mm dishes coated with 10 g/ml poly-L-lysine (Sigma) at a density of 2 ϫ 10 5 cells/cm 2 in BME (Invitrogen) supplemented with 10% heat-inactivated FCS (Invitrogen), 2 mM glutamine (Sigma), 100 M gentamicin sulphate (Sigma), and 25 mM K ϩ . After 16 hours (h), 10 M cytosine arabino-furanoside (Sigma) was added to halt glial proliferation. Cultures of CGC kept in vitro for different times were used to obtain conditioned media at different stages of neuronal maturation.
Primary cultures of rat neonatal cortical neurons were prepared from newborn Wistar rats using a modification of the procedure employed to obtain mixed glial cells cultures (25) . Cells were dissociated from cortex and plated on 40-mm dishes coated with 10 g/ml poly-L-lysine (Sigma) at a density of 2 ϫ 10 5 cells/cm 2 in BME (Invitrogen) supplemented with 10% heat-inactivated FCS (Invitrogen), 2 mM glutamine (Sigma), 100 M gentamicin sulphate (Sigma), and 25 mM K ϩ . After 16 h, 10 M cytosine arabino-furanoside (Sigma) was added to halt glial proliferation and obtain neuron-enriched cultures, which were kept in vitro for 10 days and used to collect conditioned media.
Preparation of Neuron-Conditioned Media
A preliminary survey on the effect of neuron-conditioned media on activated microglia survival was performed by collecting CGC culture medium containing 10% of serum at 3 days (CGCm [3 div]), 5 days (CGCm [5 div]), and 7 days (CGCm [7 div ]) in vitro, or cortical neuron-conditioned medium after 10 div, and by exposing to them freshly plated microglial cells for 24 h. To better establish whether the observed effects were related to different stages of neuronal differentiation, subsequent experiments were aimed at obtaining conditioned media more precisely related to various differentiation steps of CGC, but conditioned through equivalent temporal exposure (72 h) to neuronal cells. To this end, CGC were shifted to a medium containing 25 mM K ϩ and 1% FCS, from the first to the fourth (CGCm [1] [2] [3] [4] ), from the fourth to the seventh (CGCm [4] [5] [6] [7] ), and from the seventh to the tenth days (CGCm [7] [8] [9] [10] ) in culture. Moreover, we also collected and used media conditioned by exposure to differentiated CGC, shifted at 7 days in culture and maintained for shorter times: 24 h (CGCm [7] [8] ), and 48 h (CGCm [7] [8] [9] ). To establish whether the accumulation in CGC culture medium of substance(s) acting on microglial cells was related to the neuronal activity, we also collected media from CGC shifted to a medium containing 25 mM K ϩ and 1% FCS from the seventh to the tenth days in culture, but concomitantly treated with the NMDA receptor antagonist, MK 801 (RBI/Sigma), (1 M) (CGCm [7] [8] [9] [10] ϩ MK801) the AMPA receptor antagonist, NBQX (kindly supplied by Novo Nordisk, Denmark), (50 M) (CGCm [7] [8] [9] [10] ϩ NBQX) or mix of the 2 compounds (CGCm [7] [8] [9] [10] ϩ MK801ϩ NBQX), to block the activity of glutamate receptors. Moreover, we also performed similar treatment with the voltage-gated sodium channel blocker, tetrodotoxin (TTX) (Sigma), at a concentration 0.5 M (CGCm [7] [8] [9] [10] ϩ TTX). After the different conditioning procedures the media were collected, centrifuged for 15 min at 1,500 rpm to remove debris, and stored at Ϫ20ЊC until used.
Heat-Inactivation and Treatment with Antibodies of CGC-Conditioned Medium
In some experiments, CGC [7] [8] [9] [10] -conditioned medium was boiled for 30 min prior to exposing microglial cells in order to inactivate possible peptidic factor(s). Moreover, to test some putative peptidic candidates known to be produced by CGC, neurotrophins such as nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3), as well as anti-inflammatory cytokines such as transforming growth factor ␤ (TGF-␤), we incubated CGC [7] [8] [9] [10] culture medium for 1 h at room temperature with antibodies against NGF, BDNF, NT-3, and TGF-␤ (Chemicon International, Temecula, CA) at a concentration of 10 g/ ml. This concentration was reportedly provided with biological activity.
MTT Assay
For cell viability experiments, freshly detached microglial cells were plated in 24 or 96 well plates at the same cell density and were immediately exposed to different dilutions (10%-100% of the original medium) of the various CGC conditioned media, with or without the concomitant addition of LPS (from Escherichia Coli serotype 026:B06, Sigma, usually 10 ng/ml). After 24 h of incubation the metabolic viability of microglial cells was evaluated by thiazole blue (MTT, Sigma) assay (27) . This method is based on the conversion of the tetrazolium salt to a colored compound, a reaction that only occurs in viable cells since it depends on chemical reduction operated by active mitochondrial dehydrogenases. MTT was added to the culturemedium to reach a final concentration of 0.1 mg/ml. Following a 2-h incubation at 37ЊC, the dark crystals that formed were dissolved in 0.1 M Tris buffer containing 5% Triton X-100 and the absorbance was read at 570 nm in a Beckman spectrophotometer.
Fluorescein Diacetate Staining
The morphological appearance and the density of viable microglial cells, after 24-h treatment with CGC-conditioned media alone or in combination with LPS, were assessed through fluorescein diacetate (FDA, Sigma) staining procedure, which selectively allows to visualize living cells (28) . At the end of the experiments, cultures were washed in Locke's buffer, stained for 3 min with 15 g/ml fluorescein diacetate, washed again, observed, and photographed with a fluorescence microscope using a ϫ20 objective. Cell count was done on microphotographs taken from randomly selected culture fields and printed at the same magnification.
In Situ Labeling of DNA Fragmentation in Microglial Cells
In order to confirm the presence of apoptotic nuclei in microglial cell cultures, terminal transferase-mediated dUTP nick end labeling (TUNEL) technique was used (29) . After exposure for 24 h to (CGCm [7] [8] [9] [10] ), unstimulated or LPS-activated microglial cells were fixed with 4% paraformaldehyde for 15 min. The cells were then washed with PBS, permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate, washed again, and incubated for 60 min at 37ЊC in the presence of the mixture for the in situ cell death fluorescence detection kit (Roche, Ltd., Basel, Switzerland). At the end of incubation, cells were washed in PBS, observed, and photographed with a fluorescence microscope.
Statistical Analysis
All quantitative data are presented as means Ϯ SE from 3 or more independent experiments performed in triplicate. Statistical significance between different treatments was calculated through 1-way analysis of variance (ANOVA), followed by post hoc comparison through Bonferroni's test. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
To establish whether neuron-conditioned medium was able to affect the survival of unstimulated or activated microglial cells, in our initial experiments we tested the effects of culture media (containing 10% of serum) conditioned by CGC cultures for 7 days (CGCm [7 div]) on resting or LPS-activated microglial cells. Exposure of rat microglia for 24 h to CGCm [7 div ], in the absence or presence of LPS, demonstrated a significant reduction of cell viability (MTT assay) when microglial cells were concomitantly treated with LPS, suggesting that factor(s) present in the medium were able to impair activated microglia (Fig. 1A) . This impairment was actually demonstrated to consist in decreased survival since a dramatic drop (up to 80%) in the number of microglial cells was determined after 24-h exposure (Fig. 1B) . Instead, when unstimulated microglial cells were incubated with the same medium without concomitant stimulation with LPS, there was a significant increase in cell viability (Fig. 1A) that correlated with an increased density of microglial cells in the culture (Fig. 1B) . The comparison of Figure  1A with 1B further demonstrates that the treatment with LPS per se caused an increase in metabolic cell viability, but that this effect was not correlated with an increase in cell number, suggesting that it was only due to an increased mitochondrial activity. The adverse effect of CGC-conditioned medium on LPS-activated microglial cell cultures was not significant when it was diluted with fresh medium ( Fig. 2A) and was not present in media conditioned for shorter times in cultures with incomplete differentiation of CGC (Fig. 2B) . The trophic effect of CGC-conditioned medium on unstimulated microglial cells was instead present since the third day of conditioning of the culture medium (Fig. 2B) .
In a different experiment, the ability of media conditioned by differentiated neurons to impair microglia viability appeared not to be restricted to CGC. Indeed, a medium conditioned for 10 days by cultures enriched in cortical neurons caused a comparable negative effect on viability of LPS-stimulated, but not of unstimulated, microglial cultures (Fig. 3) . In this case, no positive effect of the conditioned medium was apparent on unstimulated microglia (Fig. 3) .
To further investigate the relationship between the modulation of microglial survival by CGC-conditioned medium and the neuronal differentiation state, we decided to obtain conditioned medium that had been only exposed to differentiated CGC. To this end, we shifted CGC at 7 div (when they had reached a differentiated state) for 24 h (CGCm [7] [8] ), 48 h (CGCm [7] [8] [9] , and 72 h (CGCm [7] [8] [9] [10] ) to a 25-mM K ϩ -containing fresh medium added only with 1% of serum. We adopted these culture conditions since the shifting of differentiated cerebellar granule cells to media containing 10% fresh serum is known to be highly toxic (30, 31) , whereas the presence of 1% serum allowed to maintain CGC in viable conditions for at least 72 h. The complete absence of serum, a condition that theoretically should have been preferable, could not be adopted because a serum component is necessary for LPS activation (32, 33) . The analysis of the metabolic viability demonstrated that a 24-h exposure to various dilutions (25%-100% of the culture medium) of CGCm [7] [8] and CGCm [7] [8] [9] did not exert any toxic effect on either unstimulated or LPS-activated microglial cells (Fig. 4A, B) . However, the media conditioned for 72 h (CGCm 7-10) caused a strong decrease in microglial cell viability when undiluted conditioned medium was used for culturing microglia (Fig. 4C) . By comparing Figure 4C with Figure 1B it is also evident that the exposure to CGCm [7] [8] [9] [10] without concomitant LPS activation did not induce any trophic effect on microglial cells, as it had been observed in the previous experiment. The observation of cultures stained with FDA (Fig. 5A) confirmed that when microglial cells were cotreated for 24 h with LPS and undiluted CGCm [7] [8] [9] [10] there was a strong reduction in cell number, suggesting microglial death under these conditions. This was quantified by counting surviving microglial cells after treatment (Fig.  5B) .
To gain insight into the possible nature of substance(s) present in CGC-conditioned media and the cause of the toxic effect exerted upon microglial cells in conjunction with LPS we heat-inactivated the conditioned medium and observed the disappearance of the effect itself (Fig.  5A, B) . To confirm that exposure to CGCm [7] [8] [9] [10] actually resulted in death of microglial cells, and that this death was apoptotic in nature, we used the TUNEL technique, which allows direct in situ visualization of cells with nucleosomal fragmentation of DNA, a hallmark of apoptotic death. These experiments clearly demonstrated a dramatic increase of labeled nuclei in microglial cultures exposed to the conditioned medium and activated by LPS (Fig. 6) , as compared to the various control conditions. To better evaluate differences among media conditioned by differentiated or undifferentiated neuronal [7] [8] ), 48 h (CGCm [7] [8] [9] ), and 72 h (CGCm [7] [8] [9] [10] ) from the shift to the fresh medium, containing 1% FCS. After 24-h exposure to the conditioned media, microglial cell viability was assessed by MTT assay. Bars are means Ϯ SE of at least 5 independent experiments performed in triplicate. ***p Ͻ 0.001 as compared to control medium or LPS treatment only. Bonferroni test after ANOVA. cells, we further examined the effect of media from undifferentiated cultures by obtaining CGC-conditioned medium from 2 more precocious phases of maturation. We shifted CGC from the first to the fourth div (CGCm [1] [2] [3] [4] ) or from the fourth to the seventh div (CGCm [4] [5] [6] [7] ) to fresh medium containing 1% serum. The treatment of unstimulated and LPS-activated microglial cells with different dilutions (25%-50%-100% of the culture medium) of CGCm (1-4) and CGCm [4] [5] [6] [7] did not demonstrate any significant effect on metabolic viability of unstimulated or LPS-activated microglial cells (Fig. 7) . This result suggested that, whatever its nature, the factor(s) responsible for LPS-stimulated microglial cell death was released by CGC only when they had reached a certain stage of maturation and, possibly, of related neuronal activity. Because glutamate acting through both NMDA and non-NMDA receptors is a potent activating neurotransmitter for CGC and the response to glutamate increases with neuronal maturation (34), we tested the effects of blocking these receptors. As shown in Figure  8 , treatment of CGC from 7 to 10 div with appropriate concentrations of the NMDA receptor antagonist, MK801, the AMPA receptor antagonist, NBQX, or a mix of the 2 drugs, resulted in complete abolition of the effect of conditioned medium on LPS-stimulated microglial cells. However, similar treatment with the voltage-gated sodium channel blocker, TTX, did not replicate the effect of blocking glutamate receptors (Fig. 8) . In some experiments the medium of CGC was added with 200 M NMDA from 7 to 10 div and tested towards LPS-stimulated microglial cells. The microglial killing potency of these media was not increased as compared with normally conditioned media (data not shown).
As the results of the experiments based upon heat-inactivated conditioned medium suggested a peptidic nature of the factor(s) released in the medium by CGC and responsible for toxicity towards LPS-stimulated microglial cells, we performed some experiments based on biological inactivation of some potential candidate peptides through specific antibodies raised against NGF, BDNF, NT-3 (Fig. 9) , and TGF-␤ (data not shown). None of these antibodies (routinely tested at 10 g/ml concentration and occasionally at 20 g/ml concentration) was able to abolish the effect of CGC [7] [8] [9] [10] culture medium on LPS-activated microglial cell death, based on viability as measured through MTT assay (Fig. 9) .
DISCUSSION
Microglial cells are the only resident population of immune cells in the brain, and several lines of evidence suggest that they derive early in development from precursors of the hematopoietic lineage and populate the nervous system at later developmental stages (2, 35, 36) . However, microglial function and behavior show peculiar features in comparison with macrophagic populations present in other organs. One of the main reasons for the atypical macrophagic characteristics of microglial cells is likely due to their relative segregation from serum components, ensured by the presence of an efficient bloodbrain barrier (1, 2, 21, 36, 37) . It is, therefore, conceivable that, to a significant extent, the other resident cells of the brain parenchyma control the activation state of microglia. The role of astrocytes in the development and activation of microglia has been established in several previous studies (1, (38) (39) (40) . More recent evidence suggests that microglia activation is also efficiently controlled by healthy neurons and that, conversely, neuronal injury and impairment render this control less efficient and induce microglial cells to escape from the resting state (21, 23, 41) .
In keeping with the above evidence, microglia have been shown to undergo progressive activation in aged brain, suggesting that the control exerted by neurons on its quiescent state is lost in parallel with aging-related impairment of neuronal function (42) (43) (44) (45) . Among the immune characteristics of microglia regulated by neurons, the death following macrophagic overactivation seems to be an important mechanism through which the brain, in a way similar to other organs, is able to limit the inflammatory response and recover from it (16) (17) (18) (19) (20) . Several authors have demonstrated that microglial cell death can be induced by immune stimulants or by other conditions that bring them to an overactivated state (13, (46) (47) (48) . On the other hand, factors released by neuronal cells, such as ATP, adenosine, and chromogranin (49) (50) (51) (52) have been shown to induce microglial apoptosis, suggesting that microglial cell number is under neuronal control. It, therefore, seems that in the brain the control of inflammatory state through apoptotic elimination of overactivated microglial cells resides both in microgliacentered auto regulation and in neuronal-dependent mechanisms, the latter being, at least in part, based on release of specific factors.
In the present study, we show that factor(s) released in the culture medium by differentiated neurons induce apoptotic death of LPS-activated, but not of unstimulated microglial cells, thus providing in vitro evidence for the existence of a neuronal mechanism that limits microglia activation through their elimination. Initial experiments performed using media conditioned for 7 days by cultures of CGC, or for 10 days by cultures enriched in cortical neurons, indicated that neuronal-derived factor(s) strongly affected survival of LPS-activated microglia, although exerted no negative effects, or even trophic effects, on unstimulated microglia. While the trophic effect was present with medium derived from CGC cultures by the third day of conditioning, a significant reduction of LPSactivated microglial cell viability was only obtained with media conditioned for 7 days by cultures of the same neurons. This result could be explained by admitting that neuronal maturation attained by CGC at this time in culture (53) coincided with the acquisition of the ability to produce and release in the medium factor(s) able to induce death of activated microglial cells. To verify this hypothesis we performed experiments with media collected by differentiated CGC, changing the culture medium at the seventh div. These experiments demonstrated that differentiated, but not immature, granule neurons released in the medium unknown factor(s) that caused the death of LPS-activated microglial cells. However, a 72-h conditioning period (from the seventh to the tenth day in culture) was necessary to obtain a significant reduction in the survival of activated microglia with the undiluted conditioned media. This delay could be explained by the presence of a low concentration of serum in these media, a condition that likely slowed down the accumulation of neuronal factor(s) in the medium, and also by the fact that LPS-mediated activation of microglia is increased by higher serum concentrations (54) .
Our results appear to conflict somewhat with a previously published report (55) claiming that neurons actually protect microglial cells from injuries caused by LPS overactivation. These data, however, were obtained in mixed cocultures where the interactions between neurons and microglia may be very different due to the exchange of reciprocal signals (56) . Furthermore, the presence of astrocytes in these cultures could have been a further factor of complication. Our experiments, based on pharmacological blockade of glutamate receptors, demonstrate that the production of the neural factor(s) active on microglia depends on the activity of these receptors. This result may also explain why the effect was absent in media collected from CGC younger than 7 div. A full acquisition of these receptors by granule neurons is, indeed, achieved at around this time in cultures, and is also demonstrated by the parallel development of glutamate-mediated excitotoxicity (57, 58) The fact that TTX appeared not to replicate the effect of glutamate receptor inactivation suggests that the role of these receptors in the production and release of the microglia-active factor(s) is not simply related to neural activity based on the generation of spontaneous action potentials.
Other ways through which glutamate may influence synaptic receptors may be related to miniature synaptic events and/or to vesicular release of glutamate. Activation of glutamate receptors may trigger cascades of cellular signals bringing to production and release of the factors(s), and NMDA receptor is likely to be very important in this picture, as several signaling pathways are known to be elicited by this receptor, mainly through calcium influx (59) (60) (61) . For this reason, we tried to confirm the effect of the pharmacological receptor blockade by bath-applying a concentration of NMDA known to exert physiological action on CGC without resulting in neurotoxicity (34). This did not result, however, in any additional increase of the effect. The absence of a positive effect may be explained in several ways: the molecule may not be stable enough to give a sizable effect over a prolonged incubation; the level of activation ensured by the endogenous neurotransmitter is near-maximal; or the result of bath-stimulating the total population with NMDA receptors may be different from the selective stimulation of the synaptic population of the receptor. In a recent paper, indeed, it has been suggested that the effects of stimulating synaptic NMDA receptors may be the opposite, stimulating extra-synaptic receptor by glutamate spillover or bath application (62) . The similarity of the effect obtained by blocking non-NMDA ionotropic receptors through NBQX may reflect the fact that full activation of NMDA receptor is triggered in many neurons by previous functional involvement of non-NMDA receptors.
The fact that only neurons having reached a certain degree of maturation, but not younger neurons, conferred to the medium the ability to induce apoptosis of LPSactivated microglial cells may reflect the in vivo situation in which the activation of microglial cells is less controlled in the developing brain than in the adult condition (35, 41) . Our observation that the trophic effect from media conditioned by CGC on unstimulated microglia was also present in immature cultures, at least in the presence of a high concentration of serum, supports a permissive role of undifferentiated neurons towards microglia survival and activity. One may wonder whether the small number (ϳ5%) of astrocytes routinely present in the CGC cultures (63) could have contributed to the reported effect of conditioned media on LPS-activated microglia. This seems very unlikely because the effect was blocked by antagonists of neuronal glutamate receptors and, additionally, was not observed with media conditioned by younger cultures containing the same proportion of astrocytes.
The TUNEL analysis revealed that the death of microglial cells consequent to the cotreatment with neuronconditioned media and LPS occurred through apoptosis. As discussed earlier, several in vivo data suggest that the apoptotic elimination of activated microglia (16) (17) (18) (19) (20) ) is a putative mechanism to limit microglial cell number and cerebral inflammation. Some studies have demonstrated that exposure of microglial cells to LPS initiate an intracellular signal pathway that, in the presence of other active molecules, such as IFN-␥, may lead to apoptotic death (14, 15) . In our experimental model, the presence of neuronal derived factor(s) associated with the activation elicited by LPS could initiate 2 different signal pathways that induce apoptotic cell death only when acting together. It is also possible that the unknown neuronal factor(s) acted by amplifying the expression of some proapoptotic intracellular mediators induced by LPS treatment. [4] [5] [6] [7] ). Microglial cell viability, after 24-h exposure to conditioned media, was assessed by MTT assay. Bars are means Ϯ SE of at least 3 independent experiments performed in triplicate. Bonferroni test after ANOVA. [7] [8] [9] [10] ϩ NBQX), mix of the 2 compounds (CGCm [7] [8] [9] [10] ϩ MK801ϩNBQX) and TTX 0.5 M (CGCm [7] [8] [9] [10] ϩ TTX). Microglial cell viability, after 24-h exposure to conditioned media, was assessed by MTT assay. Bars are means Ϯ SE of at least 7 independent experiments performed in triplicate. ***p Ͻ 0.001 as compared to LPS treatment only. Bonferroni test after ANOVA. Concerning the nature of the pro-apoptotic factor(s) released in the medium from differentiated neurons, its identification does not appear easy in view of the large number of active substances known to be produced by these cells (64) (65) (66) (67) (68) (69) (70) (71) (72) . The absence of the effect from heat-inactivated media suggests a peptidic nature of the substance(s) potentially inducing death of activated microglia. However, our results aimed at inactivating candidate peptides with specific antibodies were negative concerning neurotrophins, which are known to be produced by CGC (70) and to be active on microglia (73) . The rationale for testing TGF-␤ derived from the fact that this anti-inflammatory cytokine is known to be produced by neurons (74) and to be pro-apoptotic towards microglia (75) . However, in this case too, the result was negative.
In conclusion, our data demonstrate that factor(s) normally released in culture by mature, but not by undifferentiated neurons, can regulate activated microglial cells through the induction of apoptotic cell death.
POLAZZI AND CONTESTABILE
J Neuropathol Exp Neurol, Vol 62, April, 2003 This finding suggests that under neuropathological conditions, a failure of this mechanism due to neuronal loss or metabolic impairment may account for the establishment of persistent neuroinflammation. Furthermore, our results suggest that the negative control exerted by neurons towards microglial activation becomes effective at relatively advanced stages of development since immature neuronal cells lack this regulatory role and may, on the contrary, favor survival of quiescent microglia. The important implications of our results require confirmation in reliable in vivo models to verify that they have a physiological counterpart during in vivo brain development. We are currently attempting to devise in vivo experiments that will underscore the existence of similar functional relationships between immature or mature neurons and microglia during brain development.
